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Abstract

A detailed conceptual design has been developed for a mission and microspacecraft
that can provide information needed to answer key questions about the physics of
space weather and also both provide and validate a system for early warning of
hazardous space weather. A single small launch vehicle and individually tailored
Venus gravity assists disperse nine microspacecraft in a 0.53-0.85 AU band around
the Sun. Collectively, the microspacecraft can investigate large-scale organization of
coronal mass ejections (CMEs) and particle acceleration mechanisms near their
shocks. Radial and longitudinal dependencies, magnetohydrodynamic (MHD)
turbulence in the solar wind, and variations in solar wind velocities and densities can
all be studied. Simultaneously, at least one of the microspacecraft is near the
Sun—Earth line almost continuously and can be monitored for early warning of

hazardous space weather.
Introduction
In their paper, “On Space Weather Consequences and Predictions,” Feynman and

Gabriel [2000] conclude that an important next step in the development of the

understanding and prediction of hazardous space weather is to observe CMEs at



heliocentric distances significantly less than 1 AU and along the Sun-Earth line.
These observations are needed to test interplanetary shock acceleration and release
models for protons and ions with energies >10 MeV and to provide improved long-
lead-time predictions of geomagnetic storms. High-velocity CMEs cause geomagnetic
storms [Tsurutani and Gonzalez, 1997] and energetic particle events [Kahler et al.,
1984; Gosling, 1993] that present major hazards to both space systems and humans
in space [Feynman and Gabriel, 2000]. As the fast CME propagates through the solar
wind, it drives a shock in the wind, and it is this shock that apparently accelerates
protons and ions to MeV energies per nucleon. When the shock arrives at the
magnetopause, it produces the sudden commencement of the geomagnetic storm,
and the rest of the storm is driven by the solar wind particles and fields within the post-
shock compressed region and interplanetary CME itself [Hirshberg and Colburn,
1969; Gosling et al, 1991; Tsurutani and Gonzalez, 1997]. The shock is often
accompanied by very high fluxes of hazardous protons. Thus, early forecasting of
major geomagnetic storms requires early, accurate measurements in CMEs of the
velocities and densities of the solar wind and the directions and intensities of the

magnetic fields.

Spaqecraft have been positioned near the L1 Earth—Sun libration point (and thus near
the Sun—Earth line) to make in situ measurements and warn of potential hazards.
Unfortunately, single-location measurements within a CME are unable to resolve
questions about certain key CME characteristics and processes. In addition, CMEs
have already traveled 99% of the way to Earth when they reach this location, and
warning times are limited to an hour or fraction of an hour. Observations made nearer
the Sun, combined with three-dimensional (3D) MHD models of propagation of

disturbances in interplanetary space (such as the models of Odstricil and Pizzo[1999



a, b]), can permit the estimation of the timing and strength (i.e., the Dst index) of the
storm, its structure, and the probability as a function of time of substorm onsets

throughout the storm [Feynman and Gabriel, 2000].
CMEs and Solar Wind Streams

High-velocity CMEs are the most important cause of the greatest geomagnetic storms
and the greatest solar energetic particle events [Tsurutani and Gonzalez, 1997]. In
contrast, geomagnetic storms caused by high-velocity solar wind streams are
generally not as strong as those caused by CMEs (although they are longer lasting).
Some positively charged particies may be accelerated by these streams, but they do
not have high enough energies or large enough fluxes to directly constitute a space
hazard. Both CMEs and solar wind streams, however, may play roles in producing the
highly relativistic electrons that sporadically appear in the Earth magnetosphere

[Baker et al., 1996].
CMEs and Space Weather Hazards

High-velocity CMEs cause large hazardous particle eventé by accelerating particles at
the shock. Turbulence near the shock confines particles to the vicinity of the shock
long enough to permit acceleration to high energy. Some particles leak away from the
shock and propagate to Earth. The particles are both influenced by the turbulence
and are a source of the turbulence. The leaking particles begin to appear at Earth
within tens of minutes after CME initiation at the Sun. Other particles remain trapped
near the shock and can be responsible for hazardous, major peak flux events

associated with arrival of the CME shock at Earth, 1-3 days after CME initiation at the



Sun. The particle acceleration process is an area of active research and has been
verified for energies <15 MeV. However, no direct verification has been possible for
energies >30 MeV, much less energies >100 MeV and up to GeV. The turbulence
responsible for the acceleration and confinement of the particles to the vicinity of the
shock has not been observed at 1 AU, presumably because the plasma wave
frequencies involved are in a range that is difficult to observe. However, at smaller
solar distances, the frequencies involved are in an easily observed MHD range, as

shown in Table 1.

The threat a CME headed toward Earth poses to human interests is dependent on the
characteristics of that particular CME. While early warning that a CME is coming is
possible through remote observations from spacecraft at long distances from the CME,
it is important to make in situ measurements to forecast the attributes of the storm.
These can answer important questions about CMEs and associated processes in
general, and thus help improve future early warning capabilities. Simultaneously, on
their own, the measurements within individual CMEs can allow assessment of hazard

potential and, when appropriate, trigger warnings.
Mission Objectives

The objectives of the mission are to better understand the physics of space weather
and provide and validate early warning of hazardous space weather. Specifically,
regarding the former, the mission is designed to allow the study of two scientific
questions that are very important to predicting space weather hazards: the large-scale
internal structure and radial evolution of interplanetary CMEs and the trapping,

release, and acceleration of high-energy particles at interplanetary shocks.



Specifically, regarding the latter, the mission is designed to provide much earlier
warnings of high energetic particle peak fluxes, the probability of “killer” electrons in

the magnetosphere, and severe geomagnetic storms.

These objectives can be met if enough measurement locations are used, if they are
well distributed around the Sun in both solar longitude and solar range, and if
measurements are available almost continuously near the Sun—Earth line but much
closer to the Sun than L1. Solar wind, energetic particle, and magnetic field
measurements are required. These objectives, locations, and measured parameters
have been incorporated in the Multimission Space and Solar Physics Microspacecraft
(MSSPM) detailed conceptual design that was developed by NASA/JPL [Collins,
2000a].

The Mission

The MSSPM mission provides information needed to answer key questions about the
physics of space weather, and it also both provides and validates a system for early
warning of hazardous space weather. Preceded by related earlier studies [Collins
and Horvath, 1995; Collins et al., 1999], the MSSPM detailed conceptual design was
completed in the spring of 2000. Although the microspacecraft is capable of multiple
types of missions, the focus in this work is the mission described here. Nine
microspacecraft, their integration system, and an upper stage can be launched by a
small, Taurus-class vehicle by late 2005 or in mid-2007, a date better suited to both
needed hardware development before launch and good post-launch microspacecraft
dispersion around the Sun prior to the next solar max. Immediately after launch, the

upper stage then injects the microspacecraft on a Type 1 trajectory toward Venus, and



shortly after injection the spacecraft separate from the integration system. Each
microspacecraft flies independently to Venus, where an individually customized
gravity assist places it in a particular unique orbit around the Sun. The orbits are
designed so that the microspacecraft gradually spread out in a band ranging from
0.53 to 0.85 AU from the Sun. Orbital periods of 6.1 to 7.8 months, perihelions of 0.53
to 0.65 AU, and aphelions of 0.75 to 0.85 AU characterize the orbits, and the geometry
of the collection of microspacecraft around the Sun constantly changes. With nine
microspacecraft dispersed around the Sun, most large CMEs are intercepted at
multiple solar distances and longitudes. Details of the trajectory to Venus and orbit

designs were presented by Collins [2000b].

The microspacecraft continuously acquire and analyze data. The results (and, in
some cases, particularly important raw data) are compressed and stored for later
transmission to Earth, which is scheduled once or twice a week and useé Deep Space
Network (DSN) 34-m stations. The use of onboard analysis results in considerable
reduction in needed communications and enables many microspacecraft

simplifications.

The acquisition of science information utilizes all the microspacecraft. In contrast,
early warning of hazardous space weather utilizes a single microspacecraft—typically
the one at that time that is closest to the Sun—Earth line. As shown in Figure 1, near-
continuous early warning coverage, defined as the presence of at least one
microspacecraft between 0.53 and 0.85 AU from the Sun and within £22.5 degrees of
the Sun—Earth line, starts approximately 10 months after Venus gravity assist. (The
+22.5 degrees value was chosen based on an expected average CME width of

roughly 45 degrees [Burkepile and St.Cyr, 1993).) Enhanced beacon-mode



communications utilizes the DSN 11-m network and can provide hazard alerts (and

specific data on the hazards).
The Microspacecraft

The microspacecraft detailed conceptual design was documented by Collins [2000a],
and top and side views of the microspacecraft are shown here in Figures 2 and 3.
Excluding its narrow low-gain antenna and magnetometer boom, the configuration
looks somewhat like an octagonal bobbin that is approximately 32-cm high and 65-cm
wide from corner to corner. The microspacecraft is spin stabilized, and its spin axis
goes through its center as well as the centers of the low-gain antenna on top of the
microspacecraft and a recessed, downward-pointing star camera/tracker near its
bottom. The spin axis is maintained perpendicular to the Sun—-microspacecraft—Earth
plane, and the solar arrays are illuminated from the side as the microspacecraft spins.
Also as it spins, four switched, phased-array antennas de-spin the downlink beam and
point it at Earth. A Sun camera/scanner is located on the opposite side of the
microsbacecraﬁ from the energetic particle detector (EPD), which can be seen in
Figure 3, and the fields of view of the scanner, electron and ion analyzer (E&IA), and
EPD sweep through the Sun during each revolution. Sensitivity ranges for the
instruments are selected to be able to accommodate hazardous space weather
[Feynman and Gabriel, 2000]. For example, the E&IA can measure solar wind up to
2000 km/s; the EPD can identify penetrating protons up to 100 MeV; and the
magnetometer range extends to +200 nT in each vector. Each microspacecraft also
has the capability of the constrained accommodation of a selected unit, an extreme
ultraviolet monitor, for instance. The total mass of each microspacecraft, including

35% contingency and including propellant, is 15 kg.



Energetic Particle Forecasting

As discussed by Collins and Feynman at the March 2000 Chapman Conference on
Space Weather, the mission can contribute to the new science needed to enhance
solar energetic particle forecasting. Itcan provide information on the turbulence in the
solar wind in front of the shock at solar distances substantially less than 1 AU. This
knowledge, obtainable only through in situ measurements, is necessary to test
present models for particle acceleration to energies much greater than 15 MeV. The
mission also permits the radial and longitudinal dependence of the fluxes and
fluences to be measured. Lack of knowledge concerning the radial dependence of
the flux of high-energy particles trapped in the vicinity of the shock is currently a major

deficiency in construction of prediction models.

The mission can also directly support the forecasting of peak fluxes and high flux
duration. By measuring the particle flux at the shock much nearer the Sun than would
be the case from L1, the microspacecraft, for the first time, can provide infbrmation that
can be used for early prediction of peak fluxes at Earth. The length of time the fluxes
remain high depends on the shock speed and particle release, which MSSPM can
observe. Also, its observation of the pre-shock interplanetary medium permits

improved prediction using 3D MHD propagation models.

A contribution can also be made to forecasting of highly energetic electrons in the
magnetosphere. There is not as yet general agreement in the scientific community as
to the process causing very high energy relativistic electrons in the magnetosphere,

but they often appear in association with very highly varying solar wind velocities and



densities. These can be measured by MSSPM and propagated to Earth using
existing or improved 3D MHD models, thus providing data that are likely to be helpful

in forecasting.
CME Geomagnetic Storm Forecasting

The mission can contribute to the new science needed to enhance CME geomagnetic
storm forecasting. Using its multipoint observations can lead to understanding CME
internal large-scale organization (counter-streaming particles, magnetic clouds and
flux ropes, and compositional anomalies). The observed propagation of CMEs can be
compared with that expected according to MHD propagation models, and the models

can be validated or refined as necessary.

The mission can also diréct|y support the forecasting of CME-initiated geomagnetic
storms. An important parameter for geomagnetic storm prediction is the rate at which
the southward component of the interplanetary field is brought up to the
magnetopause. 'The quantities needed for prediction are primarily the solar wind
velocity and the strength and direction of the magnetic field at the magnetopause. The
mission can utilize a microspacecraft close to the Sun—Earth line to observe velocities
and magnetic fields at distances that are substantially nearer the Sun than 1 AU, and
alerts can be issued when appropriate. The information acquired can be used as
initial conditions in the propagation models to forecast the arrival and intensity of
major storms at Earth. The probability of substorms can also be evaluated but not the
onset of individual substorms. Much earlier prediction of hazardous space weather

can be expected.
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Conclusions

The MSSPM study [Collins, 2000a] concluded that the mission and flight system are
technically feasible, would greatly expand knowledge of the physics of space weather,

and would provide hours-to-days waming of hazardous space weather.

Acknowledgements

The research in this document was carried out by the Jet Propulsion Laboratory (JPL),
California Institute of Technology, under a contract with the National Aeronautics and
Space Administration (NASA). This research was performed for the Advanced
Systems Technology Office of the JPL Technology and Applications Programs
Directorate (TAPD) by personnel from the JPL Engineering and Science Directorate.
The research was sponsored by the NASA Space Science Office through Glenn
Mucklow and supported within JPL by the NASA Technology Program Office (NTPO)
under Art Murphy.

Contributors* to this research included Jim Alexander, David Bame, Bob Barry, Doug
Bernard, Gaj Birur, Willard Boliman, David Collins, Rick Cook (CIT), David Cooke
(AFRL), Don Croley, Mike Davis, Pat Dillon, Keith English, Wai-Chi Fang, David
Farless, Joan Feynman, Gus Forsberg, Warren Frick (OSC), Jevan Furmanski, Bob
Glaser, Bruce Goldstein, Ray Goldstein (SWRI), Doug Griffith, Richard Grumm, Peter
Guggenheim (VTI), Martin Herman, John Huang, Anil Kantak, Ken Kelly, Steve
Kondos, Mike Lara (TC), Alan Lazarus (MIT), George Lewis, Joe Lewis, Paulett
Liewer, Steve Macenka, Warren Martin, Dave McGee, Dick Mewaldt (CIT), Anthony
Mittskus, Bill Moore, David Morabito, Guenter Musmann (TUB), Barry Nakazono, Tim



11

O'Donnell, Henry OuYang (AC), Jonathan Perret, Rick Pomphrey, Hoppy Price,
Wayne Pryor (LASP), Cesar Sepulveda, Tom Shaw, Dennis Shebel, Mike Stallard
(AFRL-AC), Paul Stella, Carlo Stjuste, Steve Swift (CWSA), Kent Tobiska, Jim Trainor
(JT), Bruce Tsurutani, Glenn Tsuyuki, Mark Wadsworth, Al Whittlesey, Mark
Wiedenbeck, Daniel Winterhalter, Tom Woods (LASP), Chen-wan Yen, and Sam

Zingales.

* The affiliations of non-JPL contributors are indicated as follows: AC, Aerospace
Corporation; AFRL, Air Force Research Laboratory; CIT, California Institute of
Technology; CWSA, C. W. Swift & Associates, Inc.; JT, James Trainor, Consultant;
LASP, Laboratory for Atmospheric and Space Physics; MIT, Massachusetts Institute of
Technology; OSC, Orbital Sciences Corporation; SWRI, Southwest Research Institute;
TC, Thiokol Corporation; TUB, Technical University of Braunschweig; and VTI,
Valence Technology, Inc. Edward Cliver and Stephen Kahler supported Dévid Cooke
at AFRL.



12

References

Baker, D. N., S. G. Kanekal, M. D. Looper, J. B. Blake, and R. A. Mewaldt, Jovian,
solar, and other possible sources of radiation belt particles, in Radiation Belts: Models
and Standards, Geophysical Monograph Series, vol. 97, edited by J. F. Lemaire, D.
Heynderickx and D. N. Baker, p. 49, AGU, Wash. D.C., 1996.

Burkepile, J. T., and O. C. St.Cyr, A revised and expanded catalogue of mass
ejections observed by the Solar Maximum Mission coronagraph, NCAR/TN-369+STR,

NCAR, Boulder, Co., 1993.

Collins, D. H., J. C. Horvath, et al., Space physics fields and particles mission class
spacecraft, in Second Generation Microspacecraft Final Reports for 1994, JPL internal
document D-12645-A, pp. 59-89, Jet Propulsion Lab., Calif. inst. of Technol.,
Pasadena, 1995.

Collins, D., R. Pomphrey, C. Yen, M. Stallard, D. Cooke, et al., Multimission space and
solar physics microspacecraft, in Air Force Research Laboratory — Jet Propulsion
Laboratory Future Collaborations in Microsatellites Study, AFRL-JPL internal

document, Pasadena, Ca., April 1999.

Collins, D. H., et al.,, NASA/JPL Multimission Space and Solar Physics
Microspacecraft, JPL internal document D-18809-A, Jet Propulsion Lab., Calif. Inst. of
Technol., Pasadena, April, 2000a.

Collins, D. H., Multimission space and solar physics microspacecraft, paper presented



13

at Fourth |1AA International Conference on Low-Cost Planetary Missions, Laurel, Md.,
May 2-5, 2000b, and submitted (as Revised IAA-L-1110) for publication in Acta

Astronautica.

Feynman, J., and S. B. Gabriel, On space weather consequences and predictions, J.

Geophys. Res., 105, 10,543, 2000.
Gosling, J. T., The solar flare myth, J. Geophys. Res., 98, 18,937, 1993.

Gosling, J. T., D. J. McComas, J. L. Phillips, and S. J. Bame, Geomagnetic activity
associated with Earth passage of interplanetary shock disturbances and coronal mass

ejections, J. Geophys Res., 96, 7831, 1991.

Hirshberg, J., and D. S. Colburn, The intérplanetary field and geomagnetic

variations—a unified view, Plan. and Space Sci., 17, 1183, 1969.

Kahler, S. W., N. R. Sheeley, Jr., R. A. Howard, M. J. Koomen, D. J. Michels, R. E.
McGuire, T. T. von Rosenvinge, and D. V. Reames, Associations between coronal

mass ejections and solar energetic proton events, J. Geophys. Res., 89, 9683, 1984.

Odestricil, D., and V. J. Pizzo, Three-dimensional propagation of coronal mass
ejections (CMEs) in a structured solar wind flow, 1. CME launched within the streamer

belt, J. Geophys. Res., 104, 483, 1999a.

Odestricil, D., and V. J. Pizzo, Three-dimensional propagation of coronal mass

ejections (CMEs) in a structured solar wind flow, 2. CME launched adjacent to the



14

streamer belt, J. Geophys. Res., 104, 493, 1999b.

Tsurutani, B. T.,and W. D. Gonzalez, The interplanetary causes of magnetic storms: a
review, in Magnetic Storms, edited by B. T. Tsurutani, W. D. Gonzalez, Y. Kamide,
and J. K. Arballo, Amer. Geophys. Union Press, Wash. D. C., 98, 77, 1997.

FIGURE CAPTIONS

Figure 1: Warning Coverage Within £22.5 Degrees of Sun—Earth Line. Each row
shows the coverage for a particular microspacecraft. The length of gaps in the overall
coverage are identified at the top of the figure.

Figure 2: Microspacecraft Top View

Figure 3: Microspacecraft Side View

TABLES
Table 1: MHD Wave Periods
Energy (MeV) Solar Distance (AU) Period of Waves (min)
10 0.5 8
10 0.8 13
500 0.5 60
500 0.8 . 95

FIGURES (are on following sheets)
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Figure 1: Warning Coverage Within +22.5 Degrees of Sun—Earth Line. Each row
shows the coverage for a particular microspacecraft. The length of gaps in the
overall coverage are identified at the top of the figure.
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Figure 2: Microspacecraft Top View
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